Design and synthesis of new materials is the cornerstone of materials science. In particular, thin film fabrication is important in fields as diverse as semiconductor devices, optoelectronics, energy harnessing/storage, and medicine. Typically, high temperatures are required to synthesize thin films of semiconductor oxides, preventing the use of plastic-based, light-weight, and flexible substrates for solar cells, light emitting diodes, sensors, and photodetectors. Therefore, low-temperature synthesis techniques, which are also facile and energy efficient, are of great interest. A promising avenue to meet these requirements is to exploit solution processes. Thin film growth on substrates in solution is controlled by a competition between thermodynamics and kinetics[@b1][@b2][@b3]. While particles generally initiate in embryonic nuclei within a solution ("homogeneous nucleation"), thin film growth requires preferential nucleation at interfaces ("heterogeneous nucleation"). Earlier work has shown that microwave radiation can initiate favorable kinetics for thin film growth[@b4][@b5].

Microwave-assisted synthesis is appealing because it can dramatically reduce reaction time, improve product yield, and enhance material properties when compared to conventional synthesis routes[@b6][@b7][@b8]. While conventional heating is limited by thermal conduction from the vessel walls, microwave fields can quickly and uniformly heat a solution by directly coupling to molecules within the solution through polarization or conduction. Polarization is the process of dipoles formed from bound charges and polar molecules aligning with an oscillating electric field. Conduction is the process of free charge carriers and ions moving in response to an electric field. Collisions resulting from dipole rotation during polarization and charge motion during conduction impart energy to the atoms and molecules in the solution in the form of heat; these two types of heating are known as dielectric and ohmic heating, respectively. Thus, microwave heating can be described using a complex permittivity of the form where *ω* is the angular frequency of the microwave field and *ε*′, *ε*′′, and *σ* are the permittivity, dielectric loss, and electrical conductivity, respectively. While ohmic loss generally dominates when heating conducting solids, the relative contributions of dielectric loss (*ε*′′) and ohmic loss (σ/ω) during solution heating depend on the solvent properties, ion concentration, and frequency.

Microwave-assisted heating phenomena are generally attributed to purely "thermal/kinetic" effects, resulting from uniform or rapid heating. However, "specific" and "non-thermal" microwave effects are debated when microwave reaction products differ from conventional synthesis products[@b6]. Specific microwave effects are defined as interactions that are thermal in nature but lead to results that cannot be replicated by conventional heating[@b6]. The specific microwave effect known as "selective heating" refers to preferential energy absorption by materials with high dielectric/ohmic loss[@b6][@b9][@b10]. A selective heating process is exploited here to cultivate favorable sites for film nucleation; specifically, a highly microwave energy absorbing conducting layer is placed on an insulating substrate within a solution that absorbs weakly relative to the conducting layer, causing selective heating of the conducting layer and enabling thin film assembly. While dielectric/ohmic heating in solution is commonplace in microwave synthesis, selective ohmic heating of solid materials within a growth solution represents a promising new avenue, which has been minimally explored.

To demonstrate the proposed selective microwave-assisted thin film self-assembly, titanium dioxide (TiO~2~) thin films were grown on indium tin oxide (ITO)-coated glass substrates that were immersed in a growth solution and heated in a microwave reactor. TiO~2~ was chosen for demonstration here because of its diverse applications[@b11][@b12][@b13]. Specifically, the widely sought-after anatase polymorph is used in photodetectors[@b14], sensors[@b15], dye-sensitized solar cells[@b16], photocatalytic water splitting[@b17], hybrid polymer solar cells[@b18], and lithium-ion battery anodes[@b19][@b20]. We show that the ITO layer strongly absorbs microwave energy, causing localized heating that catalyzes growth of anatase TiO~2~ thin films while the solution temperature remains at 150°C. In contrast, classical synthesis routes for anatase films comprise of chemical deposition techniques (sol-gel) and vacuum deposition techniques (sputtering, atomic layer deposition), followed by a high-temperature sintering step at ≥ 450°C to crystallize the films[@b11]. Such high temperatures limit the choice of thin film growth substrates as flexible polymeric/plastic substrates typically decompose between 100 and 300°C[@b21]. Differences between the conventional and the proposed microwave-assisted synthesis routes are illustrated in [Fig. 1](#f1){ref-type="fig"}.

Further details on the microwave-assisted synthesis scheme are shown in [Fig. 1](#f1){ref-type="fig"} and presented subsequently. A microwave reactor (Anton Paar Synthos 3000) operating at 2.45 GHz was used for reproducible control and monitoring of temperature, pressure, and power. Glass substrates coated with square shaped ITO regions (blue square in [Fig. 1](#f1){ref-type="fig"}) were placed inside custom designed glass baskets that were hung from the top of quartz vessels containing a mixture of a sol-gel based Ti precursor and tetraethylene glycol (TEG)[@b14]. The vessels were sealed to allow autogenous pressure to build under solvothermal reaction conditions. The microwave heating process can be described as follows: the walls of the quartz vessels do not absorb significant microwave energy, allowing the solution to be heated directly by dielectric and ohmic mechanisms[@b6][@b7][@b8]. The ITO layer (conductivity σ \~ 10^5^ S/m) also absorbs microwave energy (predominantly by ohmic heating) and it does so more efficiently than the solution, creating a site for TiO~2~ to nucleate and grow in a single step. As seen in [Fig. 1](#f1){ref-type="fig"}, no film forms on the glass, which also does not absorb significant energy and remains cooler than the ITO layer.

Results
=======

Growth and characterization of TiO~2~ thin films on various substrates
----------------------------------------------------------------------

The microwave-assisted film growth process was run on ITO-coated glass under a wide range of conditions to optimize uniformity and crystallinity of the TiO~2~ films. A summary of the key results, shown in [Fig. 2a](#f2){ref-type="fig"}, reveals that the best film growth occurs at the convergence of optimum temperature and reaction time, but the power ramp rate is not a critical variable. The films grown at 150°C followed by a 60 min reaction time appear most uniform. The films are thin at low temperatures and short reaction times, but higher temperatures and longer times cause chunks of film to peel off as the films grow too thick. At higher reaction temperatures, shorter reaction times can be used to obtain thinner films. Optimum film growth was dependent upon the use of TEG. More details regarding synthesis optimization are discussed under [Supplementary Section 1](#s1){ref-type="supplementary-material"}. Films grown under optimized conditions are strongly adhered likely owing to oxide-oxide bonding between TiO~2~ and ITO. Sonication for 10 min in various solvents does not damage the films. Unlike in conventional film growth techniques, the conductivity of the ITO layer does not decrease during the microwave-assisted film growth process.

The crystallinity of the microwave-grown films was studied with glancing incidence X-ray diffraction (GIXRD) and Raman spectroscopy. Microwave interaction yields crystalline films starting at temperatures as low as 140°C. Sharper anatase peaks appear at 150°C, as shown in [Fig. 2b](#f2){ref-type="fig"}, which compares the GIXRD patterns of the microwave-grown films with those of conventionally-grown films on ITO-coated glass. Both GIXRD patterns show the appearance of a strong anatase (101) peak at 25°, indicating that the microwave-assisted process results in crystalline, anatase TiO~2~ films. [Fig. 2c--e](#f2){ref-type="fig"} show microwave deposited TiO~2~ films on ITO-coated glass, metal (aluminum)-coated glass, and ITO-coated plastic (polyethylene terephthalate (PET)) substrates, demonstrating that the microwave-assisted film growth process can be adapted to various substrates.

The morphology of the microwave-grown TiO~2~ films was characterized by several techniques spanning a wide range of length scales. Scanning transmission electron microscopy (STEM) image in [Fig. 3a](#f3){ref-type="fig"} reveals that these films are comprised of aggregates of 15--20 nm crystallites. High-resolution transmission electron microscopy (TEM) imaging ([Fig. 3a](#f3){ref-type="fig"} inset) of these crystallites indicate crystalline fringes with a d-spacing of 0.35 nm, corresponding to the (101) plane of anatase TiO~2~. Large area scanning electron microscopy (SEM) images ([Fig. 3b and 3c](#f3){ref-type="fig"}) reveal a smooth morphology, indicating that the films are dense and continuous unlike the loosely bound particles which have been shown previously[@b4][@b5]. Further characterization with atomic force microscopy (AFM) confirms the STEM findings that the microwave-grown TiO~2~ films are comprised of 100--200 nm self-sintered grains that are aggregates of smaller crystallites ([Fig. 3d](#f3){ref-type="fig"}). Conductive AFM (C-AFM) imaging was used to simultaneously map the topography of the microwave-grown TiO~2~ films along with areas of varying conductivity. The current map ([Fig. 3f](#f3){ref-type="fig"}) tracks the topography map ([Fig. 3e](#f3){ref-type="fig"}). These images reveal that the microwave-grown TiO~2~ films are uniformly insulating, but the central part of the film shows some current leakage.

The thicknesses of the optimized films are approximately 2000 nm (thinnest in the middle and thicker at the edges). The samples heated at lower temperatures or shorter times are found to be thinner, and the samples heated at higher temperatures and longer times are thicker. Orientation of the substrate inside the reaction vessel also has a dramatic effect on film growth. GIXRD patterns show significantly stronger anatase peaks for films grown in the vertical orientation. This observation agrees with visual inspection of the films and cross-sectional SEM images, indicating that thinner films grow in the horizontal orientation (200 nm) than in the vertical orientation (2000 nm). This variation suggests stronger interaction between the microwave fields and the ITO layer when the latter is placed in a vertical orientation. Cross-sectional SEM images are depicted under [Supplementary Sections 1--2](#s1){ref-type="supplementary-material"}.

The results in [Figs. 2b](#f2){ref-type="fig"} and [3a](#f3){ref-type="fig"} show that crystalline anatase TiO~2~ films can be grown at a significantly lower temperature (150°C) compared to conventional techniques (450°C). It is important to observe that the temperature values reported here are the average solution temperatures, which are the only temperatures that can be measured during the microwave reaction. In fact, different parts of the ITO layer, the substrate, and the solution can be at different temperatures during the reaction because of their different rates of microwave energy absorption. Specifically, it should be expected that parts of the ITO layer, which selectively absorbs microwaves, and parts of the glass substrate and solution that are in thermal contact with the ITO layer are (temporarily) at higher temperatures than the average solution temperature. If the temperatures locally become much higher than the average solution temperature (and remain so for long durations), film growth would be hindered on temperature sensitive substrates. However, it can be deduced that the temperature of the substrate during the microwave-assisted film growth process cannot be significantly higher than the solution temperature of 150°C, because we are able to grow TiO~2~ films on plastic (PET) substrates, which have a melting temperature of 250°C[@b21], without melting or deforming them ([Fig. 2e](#f2){ref-type="fig"}). The formation of anatase phase cannot be confirmed by GIXRD for TiO~2~ films grown on plastic substrates, as PET presents a peak that overlaps with the strongest anatase (101) peak at 25°. Accordingly, Raman spectroscopy analysis was used to compare TiO~2~ films grown on ITO-coated plastic substrates to the films grown on ITO-coated glass. As indicated in [Fig. 2f](#f2){ref-type="fig"}, Raman analysis of both films show six Raman active modes attributed to anatase TiO~2~. The peaks seen at 280 and 630 cm^−1^ in [Fig. 2f](#f2){ref-type="fig"} can be attributed to the PET substrate. Absence of additional peaks suggests that there are no significant impurities leftover from the microwave reaction at 150°C[@b22]. Thus, Raman analysis confirms that crystalline anatase films grow on the plastic substrate, establishing clearly that the microwave-assisted process can be used to grow crystalline films on plastic or temperature sensitive substrates.

Mechanism of film growth
------------------------

Although "thermal effects" like volumetric heating caused by microwave interactions with solutions are well understood, "specific effects" like the selective heating of ITO described here are considered speculative[@b6]. As shown in [Fig. 1](#f1){ref-type="fig"}, the microwave-grown TiO~2~ films are thicker at the edges compared to the center, giving them a clover or X-like appearance. This pattern changes depending on the size, orientation, conductivity of the ITO layer, and type of microwave equipment ([Supplementary Section 3](#s1){ref-type="supplementary-material"}) used. Such edge patterns may be surprising, because 2.45 GHz microwaves comprise of waves with a wavelength of \~ 12 cm in air, which are too large to cause any distinguishable incident electric field distribution on the small substrates used here. Indeed, the electric fields must concentrate at the edges of the ITO layer, because of the so-called "edge condition." The edge condition can be used to show analytically that for a perfectly conducting surface with sharp edges, the electric and magnetic field components normal to the edge become infinite at the edge[@b23][@b24]. For materials with finite conductivity, like the ITO layer (σ \~ 10^5^ S/m), the field components normal to sharp edges remain finite. Higher conductivities lead to concentrated fields at the edges, resembling the perfectly conducting surface.

To better understand the microwave-assisted selective heating of the ITO layer and the resulting film growth, an electromagnetic model of the experimental setup was constructed. The model consisted of the rectangular cavity of the microwave reactor, the metallic parts of the microwave rotor, the quartz vessel, the solution, the glass substrate, and the ITO layer as detailed in [Supplementary Section 4](#s1){ref-type="supplementary-material"}. It was found that all these components, which impose additional boundary conditions on electromagnetic fields and thus change the field distribution throughout the microwave cavity, had to be modeled to perform predictive simulations. For instance, initial models that did not include the conducting parts of the rotor, which scatter microwave fields strongly, did not yield satisfactory results. [Fig. 4](#f4){ref-type="fig"} shows some of the experimental elements that were simulated; specifically, it shows the field distribution on the microwave rotor and the ITO-coated glass substrate for one of the simulated positions of the vessel in the cavity. Because of the complexity of the model, the microwave energy absorption was analyzed using an advanced simulator that solves surface and volume integro-differential equations for electromagnetic fields subject to appropriate boundary conditions. The fields calculated by these simulations are used to determine the microwave energy absorbed by the ITO layer. Specifically, the absorbed energy density (*e)*, which is a point-wise function that quantifies the amount of incident electromagnetic energy converted to thermal energy at each point, is computed per one full rotation of the substrates in the microwave reactor (see equations (10)--(12) in [Supplementary Section 4](#s1){ref-type="supplementary-material"}) and the results are visualized in [Fig. 5i-l](#f5){ref-type="fig"}. The figures show that the energy absorbed is null (dark blue) on the glass portion of the substrate, which is modeled as a lossless (non-absorbing) dielectric, the highest (yellow to red color) on the edges, and intermediate (light blue) at the center of the ITO.

The simulated data show that the electromagnetic energy absorption is concentrated at the edges of the ITO resulting in thicker TiO~2~ films in these regions, irrespective of the ITO pattern shape. The experimentally observed edge patterns resulting from the concentration of the TiO~2~ films at the ITO edges show strong correlation to the simulations ([Fig. 5](#f5){ref-type="fig"}). Although heat transfer is not included in the simulations, it is straightforward to reason that strongly absorbing regions will have elevated temperatures, catalyzing nucleation and leading to thicker film growth. Heat may then diffuse inward, leading to further film growth all over the ITO, albeit slightly thinner in the middle.

An important advantage of the proposed microwave-assisted selective heating process is the ability to pattern the TiO~2~ films *in situ* as opposed to conventionally grown films which have to be patterned after synthesis. As seen in [Fig. 5](#f5){ref-type="fig"}, patterning the catalyst ITO layer prior to synthesis patterns the microwave-grown TiO~2~film. Film thickness variations present an obstacle for growing large areas of uniform TiO~2~ films by the microwave-assisted process. Fortunately, electromagnetic simulations predict that uniform films can be grown by decreasing the conductivity of the ITO layer ([Fig. 6a](#f6){ref-type="fig"}).

Role of conducting layer on microwave absorption
------------------------------------------------

Conductivity (σ) of the microwave absorbing layer plays an important role in the microwave interaction[@b25]. As seen in [Fig. 6a](#f6){ref-type="fig"}, the total microwave energy absorbed by the conducting layer increases as the conductivity increases, until a point is reached where the trend reverses. This is because, as σ increases, more energy is reflected rather than absorbed by the conducting layer, *i.e*., the electric field magnitude () decreases in the conducting layer while σ increases and hence the absorbed energy density *e*, which is the time integral of , and the total absorbed energy by the conducting layer decreases. Thus, there exists a range of σ values where energy absorption is maximized and, therefore, would be ideal for film growth. Experimentally, we find that while films did not grow on insulators like glass, they grow well on ITO, which has a reasonably high conductivity (σ \~ 10^5^ S/m). Conversely, if conductivity is too high such as for an aluminum substrate (σ \~10^7^ S/m), the microwave-grown films are more weakly adhered and amorphous. While films grown on ITO are highly optimized, films grown on metal require further optimization. The electromagnetic simulations further indicate that at lower conductivity, the films tend to be more uniform compared to those at higher conductivity (insets in [Fig. 6a](#f6){ref-type="fig"}). Based on the computational predictions that lower ITO conductivity can improve film uniformity, TiO~2~ films were also grown on lower conductivity (σ \~ 10^3^ S/m) ITO, and the film uniformity was found to be greatly improved ([Fig. 6c](#f6){ref-type="fig"}) in agreement with the simulations.

It must be mentioned that the thickness (*t*) of the ITO layer, which was \~150 nm for the results presented here, also affects the film growth process. For relatively thin (\< 1 μm) layers of ITO, the electric field magnitude and the absorbed energy density inside the layer are essentially constant with respect to the direction normal to the ITO surface, *i.e.,* they are uniform throughout the thickness. In this case, the product σ*t* determines the surface impedance of the layer (see equation for Z~TDS~ in [Supplementary Section 4](#s1){ref-type="supplementary-material"}). Thus, for a fixed value of σ*t*, the electric field magnitude in the ITO layer, the total amount of microwave energy absorbed by the layer, the pattern of the microwave absorption, and the uniformity of the films grown will be essentially identical. However, the smaller the σ and the larger the *t* are for a fixed value of their product, the smaller the absorbed energy density will be and the lesser the ITO layer will heat up relative to the solution, which implies that the input microwave power will have to be increased. Otherwise, changing the ITO layer thickness will not affect the conclusions presented here as long as σ*t* is fixed. As the ITO layer becomes thicker, the absorbed energy density will no longer be uniform throughout the thickness and both the experimental results and the modeling assumptions will change, particularly as *t* approaches the microwave skin depth (\~ 11 μm). Detailed investigation of the effect of conducting layer thickness on the microwave-assisted film growth process is planned for future study.

Decreasing the size of the ITO layer can also improve film uniformity. The microwave-assisted process is optimized for ITO patterns with a feature size \~ 1 cm ([Fig. 5a--c](#f5){ref-type="fig"}). Attempts to reduce these dimensions by half result in no film growth even when the total ITO area is kept constant by patterning four features onto the substrate ([Fig. 5d](#f5){ref-type="fig"}). The microwave input power has to be significantly increased (which equates to a higher solution temperature of about 170°C) in order to obtain films on smaller ITO regions. If the dimension of the ITO pattern is comparable to the wavelength (λ) in the solution, large area films of TiO~2~ are selectively deposited on the ITO ([Fig. 6d](#f6){ref-type="fig"}). Conversely, as the dimensions of the ITO patterns become smaller compared to λ, the microwave fields cannot interact as effectively with the microwave absorbing layer. This results in lowering the overall energy absorption and subsequent heating, thereby requiring higher microwave power for the films to form. This trend is confirmed by simulations which show that the absorbed energy density is smaller when ITO features are smaller ([Fig. 6e and f](#f6){ref-type="fig"}). Such dependence of the film growth conditions on the dimensions of the ITO features is yet another indicator of a "specific" microwave effect.

Selective microwave heating
---------------------------

Further evidence that the film growth is dependent upon selective microwave heating of the ITO layer can be demonstrated experimentally. Additional experiments were run in an Anton Paar Monowave microwave in both glass and silicon carbide (SiC) vessels with otherwise identical heating conditions ([Fig. 7](#f7){ref-type="fig"}). The ramp time, heating temperature, and reaction hold time were the same in both reactions. The only difference was the material of the vessel. [Fig. 7](#f7){ref-type="fig"} shows that no film forms when the reaction is run in the SiC vessel, while a film successfully forms in the glass vessel. We ran these reactions with different ramp times and temperatures, and were never able to grow films in the SiC vessel. In contrast, we were able to grow films at a variety of temperatures and ramp times in the glass vessel.

Glass is essentially transparent to microwaves; consequently, when an ITO-coated glass substrate is suspended within the TiO~2~ growth solution in a glass vessel, the microwave field can interact directly with the solution and ITO layer, allowing them to heat by microwave absorption. In this case, as in the above experiments, heating occurs by selective ohmic heating of the ITO layer and dielectric/ohmic heating of the solution. In contrast, because SiC is a strong microwave absorber, the walls of the SiC vessel absorb the microwave energy effectively and prevent microwave absorption by the solution and ITO layer[@b26]. Here, heating occurs through microwave absorption by the SiC (ohmic heating) and subsequent thermal convection through the solution. This causes the ITO layer to be heated indirectly by thermal convection in the SiC vessel rather than by direct selective microwave heating. As a result, the ITO layer does not selectively absorb microwaves in the SiC vessel and cannot act as a hot nucleation site for heterogeneous film formation. Note that a common argument used to dismiss specific microwave effects is that the conditions during microwave heating, such as the temperature ramping time, are difficult to replicate by conventional methods[@b6][@b7][@b26][@b27]. In these experiments, however, even poorly microwave absorbing solutions can be rapidly heated by thermal convection in the SiC vessel because of the small size of the vessel (10 mL) and the high power available from the Monowave. These experiments further confirm that film growth is critically dependent on the selective heating of the ITO layer which results from direct interaction with the microwave field.

Conventional solvothermal synthesis was also attempted by placing ITO-coated glass substrates in pressure vessels and heating in a furnace at various temperatures and times (150--180°C and 2--72 h). These experiments resulted in no film growth even though anatase TiO~2~ formed in solution. This result reiterates that the microwave interaction with the conducting layer is necessary for film growth to occur. More details regarding the SiC experiments are shown in [Fig. 7](#f7){ref-type="fig"} and the conventional solvothermal experiments are discussed in [Supplementary Sections 5 and 6](#s1){ref-type="supplementary-material"}.

Discussion
==========

The ability to produce crystalline thin films of oxide materials like anatase TiO~2~ at low temperatures has tremendous commercial advantage for thin film electronics. To demonstrate this, microwave-grown TiO~2~ films were incorporated into photodetectors, hybrid solar cells, and lithium-ion batteries. Although these prototypes are not optimized, they demonstrate that the microwave-grown films have good crystallinity and can be successfully used in thin-film device applications ([Supplementary Section 7](#s1){ref-type="supplementary-material"}). Electromagnetic simulations may prove helpful for optimizing film growth, thereby improving the device performance. Microwave-grown films may additionally find application in other areas including ultracapacitors, dye-sensitized solar cells, hydrogen production, photocatalytic water splitting, functional biomaterials, medical devices, and self-cleaning/anticorrosion coatings.

Microwave energy is generally simply considered a heat source that leads to faster chemical reactions and better product yield and purity than conventional furnace heating. It is usually challenging to prove definitively that selective microwave heating is responsible for changes seen between conventional and microwave-assisted heating. Here we have shown clearly through the SiC vessel experiments and electromagnetic simulations that selective microwave absorption by the conducting (ITO) layer on the substrate is necessary for film growth to occur. This result is important because if the film growth is dependent on direct interaction between the microwave field and the conducting layer, it is possible to adjust microwave parameters such as power, frequency, and geometry to allow more control over film growth than one can achieve by simply varying solution parameters such as reaction time and temperature.

The excellent agreement between our experiments and the electromagnetic simulations is evidence that these simulations can be used to predict the suitability of various conducting layers with a given size and shape for obtaining uniform films. This is advantageous because while ITO is an appropriate conducting layer for certain types of solar cells[@b16][@b18], other conducting layers would be required for other applications. The electromagnetic simulations further reveal that there exists an optimum range for conductivity (and thickness) of the microwave absorbing layer for sufficient absorption of the microwave radiation and that there is a defined relationship between the size of the conducting layer and microwave absorption pattern (and resulting film uniformity) for a given microwave frequency. It is also interesting that as the ITO pattern dimension shrinks to length scales significantly smaller than the wavelength, the films grow all over the substrate, bridging the gaps between ITO regions ([Supplementary Section 8](#s1){ref-type="supplementary-material"}). This bridging effect is comparable to the welding effect reported when microwave irradiation produced fusion of Ag nanowires in ethylene glycol into nanowire networks[@b6][@b28]. A practical application of this effect would be to design micro-patterned electrodes to concentrate the microwave energy into hot spots acting as microwave tweezers, which could assemble films without a continuous ITO layer. Future experiments will exploit this concept to eliminate the need of a continuous microwave absorbing layer to catalyze film growth. Growing such tailored films also promises future directions in plasmonics and biomedical applications.

In summary, low-temperature, solution-based processes must be developed to grow thin films on temperature sensitive substrates such as plastic. Growing thin films in solution requires providing the atoms an incentive to grow on a substrate rather than heterogeneously in solution. This work demonstrates that microwave absorption by a conducting layer on a substrate can provide such an incentive via selective heating. Specifically, we have used the microwave-assisted, low-temperature method to grow thin films of anatase TiO~2~at 150°C, a significant decrease from the 450°C required for conventional film growth. The films are crystalline as demonstrated by GIXRD, Raman, and TEM analysis. We show that the proposed microwave-assisted process is highly versatile and can grow thin films of anatase TiO~2~ on conducting layers located on various substrates including plastic (PET), a promising result for plastic-based electronics. Films grown by the microwave-assisted process can also be neatly patterned *in situ*, while the conducting layer remains intact, enabling their use in widespread applications. The mechanistic understanding of film growth provided through experiments and electromagnetic simulations can further aid in adapting the microwave-assisted process to grow films of a broader range of materials on other microwave absorbing layers.

Methods
=======

Preparation of substrates for film growth
-----------------------------------------

Indium tin oxide (ITO) coated glass substrates with conductivity σ \~ 10^5^ S/m were purchased from Nanocs (New York, NY) and cut into \~1 cm by \~1 cm square pieces. Lower conductivity (σ \~ 10^3^ S/m) ITO coated glass substrates were fabricated by a magnetron sputtering system equipped with a 3-in. In~2~O~3~: SnO~2~ (10 wt. % SnO~2~) sputtering target (99.99% purity, Kurt J. Lesker company). The ITO films were grown by an RF power supply of 75 W with an Ar working pressure of 3 mTorr under a base pressure of 8.75×10^-5^ Torr for 60 min. In a typical process, the ITO layer was patterned by slow chemical etching in a mixture of 75 % de-ionized water, 20 % HCl, and 5% HNO~3~. The substrates were then rinsed with de-ionized water and cleaned by successive sonication in aqueous detergent, de-ionized water, acetone, and isopropyl alcohol, and finally dried in flowing nitrogen. Deposition of Al films (σ \~ 10^7^ S/m) on cleaned glass substrates was achieved by a thermal evaporation process, carried out under a vacuum of \~ 10^-7^ Torr using high purity aluminum wires (99.9995%) hung on a tungsten wire basket. Thickness of the Al film was controlled to 150 nm by controlling the deposition current and time. Some experiments were also performed on ITO-coated PET substrates from Nanocs (conductivity σ \~ 10^5^ S/m).

Microwave-assisted TiO~2~ film growth
-------------------------------------

A sol-gel solution based on tetrabutyl orthotitanate was prepared as has been previously reported[@b14]. Generally, 5 mL of the sol-gel was combined with 20 mL of tetraethylene glycol (TEG) in 80 mL quartz vessels designed for a 2.45 GHz Anton Paar Synthos 3000 microwave reactor. The substrates were placed inside custom designed glass baskets which were suspended from the top of the vessels. Most experiments were performed with the substrates aligned vertically, but a few experiments were also performed with the substrates aligned horizontally. Stir bars were added to ensure efficient mixing and the vessels were sealed. The vessels were then positioned on a rotor (up to 8 vessels at a time), which was spun on a turntable such that the microwave irradiation would be uniform. The ramp rate, temperature, and reaction time were varied. The temperature was measured with infrared sensors on each vessel. After the reaction, the solutions were cooled to room temperature, and the resulting TiO~2~ films were washed and sonicated in de-ionized water, acetone, and ethanol to remove impurities like TEG.

SiC vessel experiment
---------------------

An Anton Paar Monowave microwave was also used in this work for the results in [Fig. 7](#f7){ref-type="fig"}. In 10 mL SiC and glass vessels, an ITO-coated glass substrate was suspended from the top of the vessels with a custom made basket tied to the vessel cap by Teflon tape. The reaction temperature was measured directly within the growth solution via a thermometer inside of an immersion tube. The thermometer was located directly behind the glass substrate in these reactions. The temperature was ramped to 160°C in approximately 3 min and held for 60 min. More details are given in [Supplementary Section 5](#s1){ref-type="supplementary-material"}.

Microwave-grown film characterization
-------------------------------------

Glancing incidence X-ray diffraction (GIXRD) experiments were performed with a Rigaku Ultima IV diffractometer operating in parallel beam (PB) mode at 40 kV and 44 mA using CuKα radiation (λ = 1.54 Å) in the 2θ range of 20 to 80° at a step of 0.02° and a glancing angle of 0.5°. Scanning electron micrographs (SEM) were recorded using an FEI Quanta 650 SEM. The film thicknesses were obtained by cross-sectional SEM imaging. Atomic force microscopy (AFM) images were taken on an Agilent 5500 AFM. Conductive AFM (C-AFM) imaging was carried out in contact mode using a conductive (aluminum coated silicon) tip and a 3 V applied electrical bias to the sample surface. Circuitry inside the AFM can thus measure the current that flows when the tip comes in contact with the surface of the sample. Here, we use C-AFM images to simultaneously map topography of the microwave-grown TiO~2~ films along with areas of varying conductivity. Low magnification scanning transmission electron microscopy (STEM) images were obtained on Hitachi S-5500. High resolution transmission electron microscopy (TEM) images were obtained on a JEOL 2010F, operating under 200 keV. For STEM and TEM analysis, a 5 mm x 5 mm section of the TiO~2~ film was scraped off the ITO substrates, and then dispersed in isopropyl alcohol by sonication for 5 min. Small aliquots of this suspension were collected on a lacy carbon grid and dried overnight under vacuum. The Raman spectra acquired by the Renishaw inVia Raman Microscope were performed with 50% of the 50 mW 514.5 nm laser excitation at a 50X objective. Optical micrographs were obtained with a Nikon Eclipse ME600 optical microscope. Conductivity of films (ITO, metal) were measured using a four-probe conductivity measurement system comprising of a Lucas Signatone four-point probe head and stand, combined with a Keithley 2400 source meter.

Electromagnetic simulation of microwave-assisted film growth
------------------------------------------------------------

Electromagnetic simulations were performed using a fast Fourier transform accelerated frequency-domain integro-differential equation solver that models the glass substrate as an ideal lossless dielectric, the ITO layer as an imperfect (but good) conductor, the liquid solution as a lossy dielectric, the quartz vessel as another lossless dielectric, and the microwave reactor as a cavity containing a rotor with perfectly conducting walls. A hybrid volume-surface integral equation formulation was employed to compute the microwave fields at various positions of the rotor and these fields were processed to obtain the energy absorbed at various positions in the model; the governing equations and their numerical solution are detailed in [Supplementary Section 4](#s1){ref-type="supplementary-material"}.
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![Comparison of conventional and microwave-assisted solvothermal TiO~2~ thin film growth processes on indium tin oxide (ITO)-coated glass substrates (top) and a schematic of the microwave reaction scheme (bottom).\
Quartz microwave vessels were secured in an Anton Paar Synthos 3000 microwave reactor and the substrates were suspended from the caps with custom designed glass baskets (shown bottom left). The pale yellow growth solution consisted of tetraethylene glycol (TEG) and a Ti-based sol-gel precursor. The conducting ITO layer absorbs microwave radiation and heats, creating a nucleation site for the TiO~2~ film to grow.](srep01003-f1){#f1}

![Microwave-assisted solvothermal synthesis results for anatase TiO~2~ thin films.\
(a) Summary of film growth optimization conditions. The most uniform and thickest films were grown at a temperature of 150°C held for 60 minutes. Shorter hold times or lower temperatures led to thinner, more amorphous films. Longer times or higher temperatures led to film delamination at the edges. The power ramp rate had little effect on film formation. (b) GIXRD pattern for the optimized film grown on ITO-coated glass shows peaks for the ITO layer as well as strong anatase phase peaks, most notably the (101) peak at 25°. (c) Microwave-grown TiO~2~ film on ITO-coated glass. (d) Microwave-grown TiO~2~ film on Al-coated glass. (e) Microwave-grown TiO~2~ film on ITO-coated PET. (f) Raman spectroscopy for films grown on ITO-coated glass and ITO-coated PET.](srep01003-f2){#f2}

![Morphology and electrical characterization for a TiO~2~ film grown on ITO-coated glass at 150°C for a 60 min reaction time inside a microwave reactor with a 10 W/m power ramp rate.\
(a) Scanning TEM image indicates 15--20 nm crystallites. High-resolution TEM (inset) confirms the presence of crystalline anatase. (b) Magnified SEM image of the film. (c) Large area SEM image of the film. (d) AFM image showing 100--200 nm self-sintered TiO~2~ grains. (e) Conductive AFM topography map. (f) Conductive AFM current map.](srep01003-f3){#f3}

![Simulated microwave fields on the microwave rotor and the ITO-coated glass substrate.\
The magnitude of the surface current densities and (defined in [Supplementary Section 4](#s1){ref-type="supplementary-material"}) are computed for one simulated position. The current densities are normalized by their maximum magnitude and the color bar is in dB scale.](srep01003-f4){#f4}

![TiO~2~ thin films grown on ITO-coated glass compared to the simulated microwave energy absorption.\
(a--d) Patterned catalyst ITO layers. (e--h) TiO~2~ films grown on ITO by selective heating after the microwave reaction. These films were all grown by microwave reaction with a 10 W/min power ramp rate to 150°C with a 60 min hold time, except for the film in (h) which was held at 170°C for 60 min. (i--l) The absorbed energy density per rotor rotation extracted from electromagnetic simulations. The energy densities are normalized by 1 J/m^3^ and the color bars are in dB scale. The computational and experimental results show strong correlation.](srep01003-f5){#f5}

![Effects of ITO layer conductivity and size on the total absorbed microwave energy and on absorption patterns.\
(a) Total microwave energy absorbed by the ITO layer per rotor rotation as the layer conductivity is changed with local absorption patterns (insets). Lower conductivity (σ \~ 10^3^ S/m) ITO-coated glass substrate (b) before microwave reaction and (c) after microwave reaction. Films grown on lower conductivity ITO layers do not exhibit edge patterns and are more uniform than those shown in [Fig. 5](#f5){ref-type="fig"}. Absorbed energy density per rotor rotation for ITO layer pattern sizes of (d) 0.8 cm × 0.8 cm, (e) 0.4 cm x 0.4 cm, and (f) 0.2 cm x 0.2 cm. The energy densities are normalized by 1 J/m^3^ and the color bars are in dB scale. These results suggest that decreasing the ITO pattern conductivity or size can improve film uniformity.](srep01003-f6){#f6}

![Comparison of ITO substrates before and after microwave reactions in glass and SiC vessels for reactions ramped to 160°C in 3 min and held for 60 minutes.\
The reactions were run with the same conditions except for the vessel material. Only reactions in the glass vessel led to film formation because SiC shields the ITO from direct interaction with the microwaves.](srep01003-f7){#f7}
